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ABSTRACT

Shmulated radio tracking data from one {lyby of Kuwropa, twoflybys Of Ganymede, and
two flybys of Callisto by the Galileo Orbiter yield estimates of the standard errors inthe
gravitational cocflicient J, of 44, 8.5, and 12 (inunits of 10- *) for Furopa, Ganymede, and
Callisto, respectively; errors in Cyy (inunits of 10-') arc 12, 1.7 and 2.1. These errors arc
sufliciently simall that the values of Jand Cy) to be mncasured by Galileo should suflice to
deternine if theice and rock mthe satellite interiors arc uniformly mixed or separated, so

long as the bodics are in hydrostatic equilibriuin.

LINTRODUCTION

In 1)ccember of 1995 the Galilco spacecraft will enter orbit around J upiter and embark
011 a tour of the Jovian systemn that will take. it sufliciently close to theicy Galilcan satellites
to mcasurce their gravitational cocflicients J; and Cg,. Knowledge of these cocflicients will
collstl-sill modcls of the satellites’ interiors (Hubbard and Auderson 1978; Dermott 1979;
Zharkov et al. 1 984; Mucller and McKinnon 1988) which at present run the gamut from
uniform ice rock mixtures (undifferentiated objects) to rock cores surrounded by icy (water)
mantles (fully differentiated bodies) to structures in between the end member undifferenti-
ated and fully differentiated states wherein the ice and rock arc partially separated (Schubert
ctal. 1986). Thougl it is presently widely held that all the icy Galilean satellites arc dif-
{erentiated and that the contrast between the endogenically modified surface of Ganymede
and the old, highly cratered surface of Callisto results from a post-accretional spurt in the

imternal activity of Ganymede duc perhaps to tidal heating carly inits orbital evolution




(Malhotra 1 991), there arc as yet 110 data that conclusively establish the extent of 1ce-rock
diflerentiationinthe icy satellites. Therefore, the purpose of this paper isto assess whether
the Galileo mission will provide the data neccessary to rigorously establish the degree of
ice-rock diflerentiation in the icy Galilcan satellites. We accomplish this by estimating the
accuracy withwhichthe gravitational cocflicients Jand C,, will be determined for cach of
the icy satellites from radio tracking data that will be received during the planned tour of
the satellites by the Galileo orbiter. We then explore whether the estimated errors arc small
cnough to discriminate With certainty between undifferentiated and differentiated mnodels of

the satellites.

11. GRAVITATIONAL COEFFICIENTS

‘J'helowest degree and order terms in the spherical harinonic expansion of the gravita-
tional potential U of a rotationally and tidally distorted synchronously rota ing cllipsoidal

satellite arc
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where G is the gravitational constant, M is the mass of the satellite, r, 0, A are spherical
coordinates, a is thie mean radius, the coordinate system origin is a the center of mnass, zero
de g1 ces longitude (A = 0) is along the hine fromn the center of the plan et to th ¢ center of
the satellite, and J and C,, arc gravitational cocflicients related to the moments of inertia
A, B, C(C > I3 > A) of the satellite by
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The gravitational cocflicients due to tidal and rotationa distortion of thesynchronously

rotating satellite depend onthe internal density structure ¢ 1drheology of the satellite and

canbe expressed as
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where &2 is the Love number and w is the angular rotation rate of the satellite . The shape

of the deformed satellite can be expressed as
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where a, b, ¢ are the radii of the ellipsoid (a > > ¢) and 112 :. 1 - %2 is another Love
number. Values of k2 are readily calculable given the radial density profile and rheological
behavior of a satellite.

It is rcasonable that bodies as large as the icy Galilean satellites arc in hydrostatic
cquilibrium under the long term in fluence of rotational and tidal forcing. However, it is also
possible that one or more of the satellites deforms nonhydrostatically to tidal androtational
forcing or has sufficient mechanical strength to either preserve a fossil bulge from an carlier
time in its cvolution or support internal mass anomalies unrelated to spin and tides. FFor the

purposes Of this paper we assume hydrostatic equilibrium, obtain k2 for differentiated and




undifferentiated satellite models, determine corresponding J; and Cyp values from (4) and
(5), assess the errorsinthe Galileo Orbiter’s measurements of these gravitational cocflicients,
and ascertain if the nicasurements can discri minate amoung satellite models. The ultimate
validity of the hydrostatic assumption inust await the actual incasurcments of J2 and Ca2
andthe figures of the satellites to test the consistency of the observations with (4)- (7) and
valuess of kyinferred from hydrostatic nodecls.

Table 1 summarizes values of J,aud C22 for a suite of differ entiated and undifferentiated e |
models of theicy satellites. Most of the models assume tidal and rotational forcing corre-
sponding to the present orbits of the satellites. A few of the Furopa and Ganymede modcls
assumc that the satellites preserve fossil tidal and rotational bulges corresponding to carlier
orbital locations four percent closer to Jupiter (Malhotra 1991 ). Lack of diflerentiation dots
not imply absence Of radial density variations since ice IS somewhat compressible and also
undergoes phasc changes at pressures encountered in the interiors of Ganymede and Callisto.
In general, values of the gravitational cocflicients are larger for the undiflerentiated inodels of
the satellites than they arc for the differentiated models. The densification of ice with depth
results in smaller gravitational cocflicients compared with similar uniform density mnod cls
(Lupo 1 982). For a given inter or density modcl, preservation of a fossil tidal bulge yields
larger gravitational cocflicienis  The major question is whether the values of J, and Coz
arc different en ough that the Galileo incasuremnents of these coeflicients will be able to dis-
critninate among the models? The answer depends on the size of the er ror or uncertainty in
the Galileo mecasurements of J,and Cy, compared with the separ ations in the ;model values

of these coeflicients givenin “J able 1. In the next section we assess the ¢p rors that can be




anticipated in the Galileo measu rements of J,and Cao |

111. FLYBY SIMULATIONS

The Galileo Orbiter and Atmospheric Probe were launched from the Space Shuttle At-
lantis in October 1989. Yollowing an August 1995 separation of the I'robe from the Orbiter,
the Orbiter is scheduled to enter Jupiter orbit 011 7 December 1995. About four hours before
closest approach to Jupiter, the Orbiter will encounter 10 at an altitude of one thousand
kilo1 neters. This close flyby not only will provide opportunities for new 10 obscrvations, it
will aso reduce the required orbital inscrtion mancuver by anamount 6V = 175 ms. The
subsequent orbiter mission Will consist of eleven orbital revolutions, cach orbit desig ned for
a closc flyby of cither Furopa, Ganyinede, or Callisto. Of these eleven orbits, five will yicld
satellite gravity fields to the second degree and order insphicerical harmonics.

Previously, we performed simulations of satellite {lybys using J 1'1,’s Orbit Determination
Program (01)1'), the software wc will usc for the actual data analysis (Campbell 1 984). Wc
simulated as closely as possible the analysis of anticipated coherent 1)oppler data requested of
the Deep Space Network (1DSN)insupport of our investigation. Wc have described clsewhere
the Galileo radio science systemn and the fullrange of radio science investigations selected for
the Galilco Mission (Anderson et al. 1992, Howard et al. 199'2). When previously predicting
results fromthe satellite gravity investigation, we assumed the then current mission profile of
two Furopa flybys during orbital revolutions 4 and 5, three Ganymede flybys 011 revolutions
1, 2, and 10, and three Callisto flybys onrevolutions 3, 6, and 11. Wc predicted accuracics

inthe two gravity coeflicients J,and C22 of 68 and 14 respectively for 10, 40 and 10 for




Iou ropa, 15 and 2 for Ganymede, and 96 and 2 for Callisto, all in units of 10° .

More recently, we have developed software. for general flyby gravity analyses based on
a variation of paramecters method (A nderson and Giampieri 1994). When applied to the
Galilco satellite flybys, wc find that this softwarc predicts the same accuracies for Jp and
C92 as our earlier 01)1° analysis. lere we report on the application of the new software to
an evaluation of arccently redesigned satellite tour.

Because of a failure in the scheduled May 1991 unfurling of the Orbiter’s high-gain
antenna, the Galileo Projectin 1993, working in close collaboration withits Project Science
Group, completely redesigned the previously sclected tour. A redesign Was necessitated by
a significant reduction in telecommunication bit rate using the Orbiter’s low-gain antenna.
However, the impact of a low-gain antenna mission on the generation of coherent Doppler
data was of small concern. We lost the capability to gencrate coherent data at X band (3.6 cm
wavclength), but retained the capability a S band (13 em wavelength). Although there is
an advantage al X-band in that noise introduced by propagation of the radio signal through
solar plasma is reduced at the shorter wavelength, 1oughly by a factor of the wavelength ratio
squarcd (factor of ]3 noisc reduction over S band), we always viewed the generation of X-
band data for the satellite flybys as problematical. Unlike morerecent spacecraft that usc the
NASA standard transponder opcrating a X band,the Galilee) orbiter's telecommunication
system closely resembles the carlier Voyager S-band system. The basic Galilco system was
upgraded by adding X- band hardware specifically for Radio Science investigations (A nderson
el al. 1992, Howard et a. 1992). Iuallour earlier error studies, we assumed S-band capability

forthe satellite flybys, the: standard operating mode. Ineffect we have been assuming a low-



gainantenna capability all along.

We make one exception to the minimal impact of the low-gain antenna mission. Because
of the determinism of orbital mechanics, the 10 flyby and the orbital insertion will occur when
Jupiter isonly 8.8° from solar conjunction. In our previous error studies we assumed au S-
band capability appropriate for solar clongation angles greater than 80°, but we recognized
that coherent X-band data would be required for the 10 flyby near solar conjunction. Without
X baud, we now downgrade our earlier accuracy predictions 011 J,and C, for 10 from 68
and 14, respectively, to 610 and 68 (inunits of 10*). Note that the errors arc not lincar
inthe expected solar plasma. noise because we have accounted for other systematic errors,
most notably small non-gravitational accelerations from spacecraft systems and from solar
radiation.

The orbital characteristics of the five flybys useful for gravity ficlds arc givenin Table 11. rave 2
For completeness we include Jo on Orbit O. The parameters of direct concern are the flyby
closest approach distance rca, the flyby wvelocity V, Jupiter’s solar elongation angle SIXP
at the time of the flyby, the latitude ¢ of closest approach, and the orbital inclination 7,
where the last two angles are referenced to the satellite’s equator. The geometry of the
siX flybys is shiow ninligures 1 and 2, including the directions of Jarth and Jupiter. Theris 1,2
Farth occultation zones arc shown simply to indicate that continuous Doppler data canbe
generated during the flyby. Most of the flybys unsuitable for gravity ficlds were designed
for Karth occultation] insupport of the Radio Science atmospheric investigation. IFrom
the viewpoint of Radio Science, about half of the flybys will return atinospheric data ant]

about half will return gravity data For any given flyby, the two investigations arc mutually

9




exclusive.

The results of our covariance analysis are given il the last two rows of Table 11. In
computing expected errors in J, and C22, we assumed the erors in all other g ravity harmonics
arc zero. We included the monopole term (GM) inthe error analysis however, along with
the orbital paramcters 7c4 and V, a total of five paramcters., We assumed continuous
1 Jopy sler data over a time interval of about 201 ‘¢4 /V centered on ¢l osest ap proach. We
accounted for systematic error by limiting the root N error improvement to a factor of
two, thereby restricting the data to only four independent measurements of the Doppler
c urve. We sampled the Doppler curve at 60 s intervals and assumed a1.0 mm S?standard
error in each mecasurcement of range rate. 1 3y comparing results from thie new software with
our previous full simulations using data analysis software (01)1'), we concluded that this
simplified app roach to the covariance analysis is realistic.

We made one more computation of error. By combining the simulated data from the
two Ganyimede flybys and the two Callisto flybys, wc predicted a significant improvement
in J2 and C22 for those two  satellites. I’hysically, a far better determination of the global
gravity field canbe achicved by overflying two regions of the satellite rather than just one.
For Ganymede, the commbination of a ncar polar flyby with a flyby at modecrate inclination
iS particularly impressive. We sutminarize in Table 111 our final error predictions, including ame 3

results from combining data for Ganymede and Callisto.

IV. DISCUSSION A N | ) CONCI.,U SICNS

Figure 3 suimmarizes the values of the gravitational coeflicients for the modcls of Kuropa, Fig. 3
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Ganymede and Callisto givenin ‘3'able 1 and compares these vartues withthe error estimates
for J;and Ca2 givenin Table 111. The anticipated ecrrors in both Jand Cy, for Ganymede
arc so small that disa imination between differentiated and undiflerentiated states of the
satellite should be readily achicvable. It may even be possible to distinguish among models
of the interior of Ganymede with diflerent degrees of diflerentiation. The error bars on the
gravitational cocflicients of Iuropa arc larger than they arc for Ganymede, but Figure 3
shows that 1t 1nay still be possible to distinguish differentiated from undifferentiated interior
states unless the actual mcasurements of J,and C22 fall midway between the values of
these cocflicients for the 2-layer and undiflerentiated models. The largest error bars occur
tor Callisto, hut even in this case the error in C2z may permit assessment of the degree of
differentiation of the satellite.

In sumiary, Doppler tracking of the Galileo Orbiter is expected to provide suflicently ac-
curate determinations of the gravitational cocfficients J,and C22 of the icy Galilean satellites
that it should be possible to establish with high confidence whether the satellites are difler-
entiated. Interpretation of the actual incasurcinents could be complicated by nonhydrostatic
cffects (Mueller and McKinnon 1988), including the preservation of fossil tidal hulges, but
such cffects should be identifiable by inconsistency with hydrostatic theory, and if present

will inthemselves be enlightening.
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TABLYES

TABLY, |. Gravitational cocflicients of icy satellite models.

Density Notes, References
Core/Mantle/Suiface R/Rsatellice Ja Ca2 7- Zharkov et al. (1985)
Model (10°kg m™3) Core/Mantle (107%) (107%) lrl,up(: (19s2)
Luropa
Undifferentiated
a 3.01 1 629 189 Uniform Density, 7.
b 3.01 1 705 211 Unforin Density, Fossil Bulge
2-Layer
c 3.52/] .00 0.923 485 146 7
d 3.52/1.00 0.923 521 164 Fossil Bulge
S-layer
€ 5.00/3.28/] .00 0.480/0.923 431 130 7z
Ganymede
Undifferentiated
a 1.93 1 240 72 Uniformm Density, 7,
8 1.93 (mncan) 1 212 64 Depth Dependent Density, 7
c 1.93 1 268 80 Uniform |1 Jensity, Fossil Bulge
2-Layer
d 1.06/3.00 0.774 141 12 7
c 0.90/3.52 0.732 118 35 7
f 1.93 (mean) 1 128 39 Depth Dependent Density, 1,
4 1.00/3.00 0.774 162 51 Fossil Bulge
8-Layer
J 5.0/3.28/0.90 0.379/0.732 1 33 7




Callisto

Undifferentiated
a 1.83 45 14 Uniform Density, 7,
b 1.83 40 12 Depth Depen dent 1) ensity, 1,
c 1.83 52 16 Uniform Density, Fossil bulge
2-lLayer
d 3.00/1 .00 0.746 27 8 Y/
c 3.52/0.90 0.708 23 7 Z
f 1.83 (mean) 1 25 7 Depth Dependent Density, 1,
A 3.00/1 .00 0.746 29 9 Fossil bulge
8-Layer

h 5.00/3.28/0.90 0.368/0.708 21 6 7
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TABLI 11. orbits] parameters for six satellite flybys.

Orbito Orbitl Orbit 2 Orbit 3 Orbit 10 Orbit 11
lo Ganymede Ganymede Callisto Callisto Fuwopa
rca (kmn) 2815 3131 2831 3496 2928 2696
V (km s) 15.0 7.9 8.0 8.0 8.2 5.5
¢ -1.6° 24.7° 84.6¢ 13.7° 4.8° 65.5°
1 7.7° 26.5° 86.2¢ 13.7° 4.8° 65.5°
SEP 8.8° 179.9° 113.4° 61.1° 138.8° 89.0°
01, (1079) 610 Go 31 168 300 44
0c,, (lo- ) 68 9.3 6.8 28 6.9 12

Orbital data for the current satellite tour are from the Galileo Navigation Team (J. R. Johannesen,
private conmunication). Orbital paramncters arc definedin the text. Yor each flyby the expected

standard errors for the gravity harmonics are listedin the last two rows.
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Furopa
Ganymede

Callisto

TAB I 111, P:edicted standard errors for gravity harmonics.

J, (10°)
610

44

18

Cay (107 9)
68
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Figure Captions

Fig.1.Geometry of three satellite flybys suitable for gravity field determinations. The planc
of the flyby trajectory isinthe page, withthe directionof the orbital angular momentum out
of the page. Directions to the Earth and Jupiter projected on the orbital planc are indicated.
The zone of’ Earth occultation is shown. The tick marks arc at two-imninute intervals. The
altitude h,latitude (lat) with respect to the satellite equator, an d flyby velocity V are
indicated. (a) lIo flyby, Orbit O, 1995 Deccember ‘i7, 17:46:51 57T (b) Ganymede flyby, Orbit
1, 1996 July 4, 10:02:03 ET. (c) Ganymede flyby, Orbit 2,1996 September 6,19:00:28 KT
Fig. 2. Samcas Fig. 1. (d) Callisto flyby, Orbit 3, 1996 November 4, 13:31:46 I<1'. (c)
Callisto flyby, Orbit 10, 1997 Scptember 17, 00:21:57 K7T.(F) Europa flyby, Orbit 11,1997
November 6, 21:49:38 1T,

Fig. 3. Comparison of values of J,and Cyy for mnodels of Kuropa, Ganymede, and Callisto
with error estimates of these gravitational cocflicients from simulated Galileo Orbiter radio

tracking,.
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